Rationale The exact role of delta opioid receptors in druginduced conditioned place preference (CPP) remains debated. Under classical experimental conditions, morphine-induced CPP is decreased in mice lacking delta opioid receptors (Oprd1
Introduction
The conditioned place preference (CPP) paradigm is commonly used to evaluate the appetitive properties of abused drugs in rodents (Cunningham et al. 2011; Sanchis-Segura and Spanagel 2006; Tzschentke 2007) . In this paradigm, based on Pavlovian conditioning, animals develop preference for a specific context (conditioned stimulus) in which exposure to an appetitive drug (unconditioned stimulus) is repeatedly experienced, over another context where the drug stimulus is never experienced. CPP generated by opiates as well as a variety of non-opioid drugs has been shown to depend critically on mu opioid receptors (Le Merrer et al. 2009; McBride et al. 1999; Tzschentke 1998 Tzschentke , 2007 . The exact contribution of delta opioid receptors to drug-induced CPP remains, however, a matter of debate, and elicits sustained interest in the literature.
A wealth of evidence from pharmacological studies supports a major role of delta receptors in drug-induced CPP. Delta opioid receptor agonists have been shown to elicit the development of CPP (Longoni et al. 1998; Morales et al. 2001; Shippenberg et al. 1987; Suzuki et al. 1997) ; but see (Kotlinska et al. 2010 ) and also reinstate CPP for cocaine (Kotlinska et al. 2010) . Conversely, delta antagonists attenuate CPP to cocaine, methamphetamine, or morphine and prevent morphine-induced contextual sensitization of morphine CPP (Chefer and Shippenberg 2009; Menkens et al. 1992; Moron et al. 2010; Suzuki et al. 1994 ). These observations have been proposed to reflect a role of delta receptors in mediating hedonic properties of drugs of abuse. However, a major concern when using pharmacological approaches is the possible cross-reactivity of delta agonists at mu opioid receptors (Hutcheson et al. 2001; Scherrer et al. 2004) , which play a key role in reward processes (Le Merrer et al. 2009 ). Genetic deletion of the delta opioid receptors thus represents a unique tool to address the role of these receptors in vivo. In agreement with pharmacological data, mice lacking delta opioid receptors (Oprd1 −/− ) fail to express morphine-induced CPP when tested in a drug-free state (Chefer and Shippenberg 2009; Le Merrer et al. 2011) . However, these animals display intact morphine self-administration as compared to their wild-type (WT) counterparts, indicating preserved reinforcing properties of morphine (David et al. 2008; Le Merrer et al. 2011) . Interestingly, we showed that the expression of both lithiuminduced conditioned place aversion and morphine-induced CPP was impaired in Oprd1 −/− mice, suggesting a general drug-context association deficit in these animals. Further, this deficit was restored when animals were tested under the effects of lithium and morphine, respectively, indicating that impaired CPP displayed in Oprd1 −/− mice is statedependent, and that internal drug cues are able to restore place conditioning in these mice. These data suggest that mice lacking the delta opioid receptors show a specific disruption of drug association with the context (Le Merrer et al. 2011) , but that other types of associations with the drug remain intact. The present study sought to further investigate the role of delta opioid receptors in mediating association of the drug with a number of cues, apart the context, using a paradigm of morphine-induced CPP. For this, we first identified experimental conditions under which Oprd1 −/− mice displayed morphine-induced CPP comparable to wild type animals when tested in a drug-free state. This was possible by performing two conditioning sessions on the same day, 7 h apart, to increase the contrast between drugand saline-pairings as compared to alternate day paradigms (Chefer and Shippenberg 2009; Le Merrer et al. 2011) . Interestingly, under those conditions, expression of CPP was circadian time-state dependent in mutant but not control mice, suggesting that Oprd1 −/− mice were able to use circadian cues to retrieve a place preference. We then took advantage of this time-state dependency to assess the ability of various cues (internal or discrete) predicting either drug or food reward, to restore morphine-induced CPP in Oprd1 −/− mice in conditions under which they normally fail to express CPP.
Methods and materials

Animals
Male and female Oprd1 −/− mice (Filliol et al. 2000) and their wild-type (WT) controls were bred in-house on a hybrid 50 % 129SVPas-50 % C57BL/6J background and were aged 8-14 weeks at the beginning of experiments. Animals were housed in groups (2-5 mice per cage) on a 12 h light/ dark cycle (lights on at 7:00 AM) at controlled temperature (22 ± 1°C 
Conditioned place preference
Apparatus
Place conditioning experiments were performed in unbiased computerized boxes (Imetronic, Pessac, France) formed by two Plexiglas chambers (15.5×16.5×20 cm) separated by a central alley (6 × 16.5 × 20 cm). Two sliding doors (3 × 20 cm) connected the alley with the chambers. Two triangular prisms of transparent polycarbonate were arranged in one chamber, and one rectangular prism in the other to form different shape patterns (covering the same surface). Distinct textured removable floors made of translucent polycarbonate provided additional contextual cues. The activity and location of mice were recorded using five photocells located throughout the apparatus. Behavioral data were collected by an interface connected to a PC. Light intensity in the chambers was set at 30 lx.
Experimental protocols
Morphine conditioning consisted of three phases. On day 1, naïve mice were placed in the central alley and allowed to freely explore the apparatus for 20 min. Based on the individuals' spontaneous preference during this pretest phase, the drug-paired chambers were assigned in such a way that saline and morphine groups were counterbalanced and unbiased towards contextual cues. Conditioning phase lasted 3 days. Mice underwent two conditioning, vehicle and drugpaired, sessions daily, 7 h apart. During vehicle and drugconditioning sessions, animals were confined immediately after s.c. injection of morphine or vehicle for 45 min in the appropriate drug or vehicle-paired chamber. The testing phase was conducted on day 5, at the same time of the day as the pretest session. The animals, in a drug-free state (unless otherwise stated: see "Experiment 2"), were placed in the neutral central alley and permitted to explore the apparatus for 20 min with the two sliding doors opened. The time spent in each chamber was recorded. All the animals tested in the following experiments were naïve when conditioning started.
Experiment 1 Animals were randomly assigned to one of four groups (see Fig. 1 ). Each of these groups included drug-treated animals (receiving morphine during drug pairings) and control animals (receiving saline during drug pairings). All the animals received saline injections during vehicle pairings.
In the AM-AM paradigm, pretest session took place in the morning (9.00 AM) on day 1. During conditioning phase, drug pairings were performed in the morning. The animals were injected with either morphine (5, 10, or 20 mg/kg, s.c.) or saline (controls) before being confined in the "drug-paired" chamber. Vehicle-pairings were performed in the afternoon (4:00 AM). All the animals received an injection of saline and were confined in the vehicle-paired compartment. On day 5, the testing phase was conducted in the morning. In the AM-PM paradigm, drug (morphine at 10 mg/kg, s.c. or saline) and vehicle pairings were conducted in the morning. Pretest and test sessions, however, were performed in the afternoon. In the PM-PM paradigm, drug (morphine at 10 mg/kg, s.c. or saline) pairings were conducted in the afternoon and vehicle pairings in the morning. Pretest and test sessions were conducted in the afternoon. Finally, in the PM-AM paradigm, drug (morphine at 10 mg/kg, s.c. or saline) pairings were conducted in the afternoon and vehicle-pairings in the morning. Pretest and test sessions took place in the morning. This experimental design allows the circadian time of test session to match or not the time of previous morphine conditioning sessions, thereby making possible to assess potential effect of circadian cues on the expression of CPP.
Experiment 2 In this experiment, the circadian time of drug (morphine at 10 mg/kg, s.c. or saline) and vehicle pairings as well as testing session was the same as for the nonmatching AM-PM condition. In a first group, mice were conditioned in the AM-PM condition. State dependency was assessed on test day by injecting all the animals (drug-treated and controls) with morphine (10 mg/kg, s.c.) immediately before the session. In a second group, a white noise (Alita® linear air pump, model AL-80P, 39 db) was emitted during each drug-pairing (but not vehicle-pairing) session. Control morphine-treated animals (10 mg/kg, s.c.) were exposed for 45 min to white noise independently from morphine conditioning sessions (starting time between 12.00 AM and 2.00 PM) in a dedicated separate room. The influence of auditory cues paired/not paired with morphine exposure on the expression of a morphine-induced CPP was explored by testing the animals in the presence of the white noise.
Experiment 3 Animals were maintained under food restriction (90±2 % of ad libitum body weight). The circadian time of drug (morphine at 10 mg/kg, s.c. or saline) and vehicle pairings as well as test session was the same as for the AM-PM condition. In a first group, mice were fed (lab chow) once a day at 5.30 PM for 2 weeks before the pretest phase. During the conditioning phase, the animals received food when back in the home cage immediately after vehicle pairing (at 5.30 PM). Control morphine-treated animals (10 mg/kg, s.c.) were food-deprived for 2 weeks before the pretest phase and during the week of conditioning. They were fed daily at a random time (between 8.00 AM and 6.00 PM) to prevent circadian cues from becoming predictive of feeding. The day before test session, control animals were fed at 5.30 PM. The influence of food reward anticipation was assessed during a normal test session performed between 4.30 and 5.30 PM. In a second group, mice were fed once a day at a random time between 8:00 AM and 6.00 PM (to avoid providing predictive circadian cues) for 2 weeks Fig. 1 Scheme showing the different place conditioning paradigms on a timeline. During drug pairings, control animals received a saline injection and experimental mice received a morphine (5, 10, or 20 mg/kg) injection. During vehicle pairings, all animals received a saline injection. Please note that in the AM-AM and PM-PM paradigms, pretest and test sessions were conducted at the same circadian time as drug pairings (matching time conditions); in the AM-PM and PM-AM paradigms, mice were pretested and tested at a different time of day from drug pairings (non-matching time conditions) before pretest phase and during the week of conditioning. Feeding took place in a dedicated room where a white noise (Alita® linear air pump, model AL-80P, 39 db) was emitted during 15 min before food (lab chow) was provided and for another 20 min when food was available. Then, the animals were returned to the animal house. The influence of foodpredicting auditory cues on the expression of a morphineinduced CPP was explored by testing the animals in the presence of the white noise. The last pairing between food presentation and white noise took place in the morning before test session (8.30 PM).
Drugs
Morphine hydrochloride (Francopia, Sanofi Synthelabo Laboratories, Paris, France) and naloxone hydrochloride (Natick, MA, USA) were dissolved in sterile isotonic saline (NaCl 0.9 %). Both drugs were administered in a volume of 10 ml/kg. Doses refer to salt weight.
Data analyses and statistics
Place conditioning data were expressed as percentage of time spent in the drug-paired compartment. Four-way ANOVA was performed with gender, genotype, and treatment (or dose when multiple doses were tested) as betweengroup factors and conditioning (pretest versus test session) as a within-group factor. Post-hoc analyses were performed for test session using a one-way ANOVA (treatment effect) followed by Dunnett's test where appropriate, to compare to the saline group. Effect of pairing white noise with morphine conditioning was assessed in morphine-treated animals using four-way ANOVA with gender, genotype and pairing (paired versus unpaired) as between-group factors and conditioning (pretest versus test session) as a withingroup factor. Post hoc analysis was processed for test session using a one-way ANOVA (pairing effect) followed by Newman-Keul's test. Statistical significance was set at p<0.05 for all tests.
Results
Experiment 1: circadian cues restored a morphine-induced CPP in Oprd1 −/− mice The animals underwent two conditioning sessions daily, 7 h apart, to facilitate the contrast between drug-and salinepairings as compared to alternate day paradigms (Chefer and Shippenberg 2009; Le Merrer et al. 2011) . When test session took place at the same time as morphine conditioning sessions (see Fig. 2a and c Fig. 4b ). Thus, Oprd1 −/− mice expressed normal morphine-induced CPP when provided with circadian or auditory cues predicting a food reward.
Discussion
In the present study, we were first able to identify experimental conditions under which Oprd1 −/− mice display a morphine- Fig. 3 Drug or auditory cues predicting morphine reward restore morphine CPP in Oprd1 −/− mice under non-matching time conditions (AM-PM paradigm). a WT and Oprd1 −/− mice displayed similar place preference to morphine (10 mg/kg) when tested under the effects of the drug. b WT and mutant animals showed a similar strong preference for the morphine-paired compartment when a white noise previously paired with morphine (10 mg/kg) was emitted during test session. When not paired to morphine exposure, however, white noise stimulus was ineffective in restoring morphine CPP in Oprd1 −/− mice (control groups). Place preference data show mean (±SEM) time spent in the drug-paired compartment (expressed as a percentage of time spent in the two compartments) during the 20-min pre-and post-conditioning sessions (n03-5 per gender, genotype and dose). Solid star: comparison to vehicle group (one-way analysis of variance); asterisk: comparison between genotypes under the unpaired condition (one-way analysis of variance). One symbol: p<0.05; three symbols: p<0.001
induced CPP in a drug-free state. Notably under those conditions, the expression of morphine CPP did not require a peripheral morphine injection as in our previous study (Le Merrer et al. 2011) , indicating that morphine CPP in Oprd1 −/− mice can take place without activation of mu opioid receptors on the test day. Other cues, however, were necessary, since we observed that mutant mice showed a marked preference for the morphine-paired chamber only when circadian time of testing matched the time of morphine pairings. These animals thus expressed morphine CPP in a circadian time-state-dependent manner. In mutant animals therefore, circadian cue-drug association likely facilitates the expression of morphine CPP, which is otherwise hampered by altered drug-context association. The failure of mutant mice in expressing morphineinduced CPP under non-matching circadian time conditions could however result from different sensitivity of these animals to partial morphine withdrawal. This was unlikely though, since Oprd1 −/− animals expressed marked CPP when the interval of time elapsed between the last morphine injection and the testing session was 24 h (matching conditions) but equally failed to express such CPP when this interval was 17 h (PM-AM paradigm) or 31 h (AM-PM paradigm). Moreover, naloxone-induced somatic signs of withdrawal were preserved in mutant mice (see Supplementary Methods and Supplementary Figure 1) , which supports the notion that morphine dependence is not altered in the absence of delta opioid receptors. Time-state-dependent place conditioning has been previously described for wheel running and foot-shocks in hamsters and for food reward in rats (Cain et al. 2004a, b; Ralph et al. 2002) . This phenomenon can be interpreted as a statedependent effect (Overton 1978) , where different circadian times correspond to different internal states (Tzschentke 2007) . Animals would use internal states associated to circadian cues as conditioned stimuli for place preference learning. Accordingly, in previous place preference studies (Chefer and Shippenberg 2009; Le Merrer et al. 2011 ), mice received morphine and saline injections on the morning of alternate days, whereas in present work, drug and saline exposures were scheduled at distinct predictable hours. Under the latter, but not the former conditions, circadian cues acquired a predictive value for reinforcement, and Oprd1 −/− mice then seemed able to use these cues to express CPP to morphine. Moreover, these mice were also able to use internal drug cues to retrieve morphine CPP. Indeed, morphine administered immediately before test session restored CPP in Oprd1 −/− mice under an alternate days-conditioning paradigm (Le Merrer et al. 2011) and, in the present study, under non-matching time conditions. These data demonstrate that Oprd1 −/− mice, when provided with interoceptive circadian or drug cues, express morphineinduced CPP in a similar way as their WT counterparts. Circadian and drug cues, interestingly, are not only based on internal states but they also share a common non-spatial nature. We thus questioned whether another non-spatial, but external cue, namely a discrete auditory cue, paired with morphine conditioning, would be able to restore CPP in mutant animals. Discrete unimodal cues are often combined to spatial cues to facilitate the acquisition of place preference (Cunningham et al. 2011) . We associated a discrete white noise with morphine pairings during conditioning phase. Remarkably, Oprd1 −/− mice displayed similar morphine-induced CPP as WT animals when tested in the presence of the morphine-paired white noise stimulus. When not paired to morphine exposure, however, such stimulus was ineffective in restoring morphine CPP in mutant animals. Mice lacking the delta opioid receptors can therefore use various morphine-predicting stimuli, either internal or discrete but not spatial, to retrieve a CPP to morphine. Such ability is in line with the view that conditioned associations in place conditioning not only encode the affective properties of the unconditioned stimulus (US) but also include information regarding the feature of the US (Bevins and Murray 2011; Corbit and Balleine 2005; Delamater and Holland 2008; Reichel et al. 2010) .
The neuronal substrates underlying time-state dependency remain to be identified. Remarkably, lesions of the brain circadian clock suprachiasmatic nucleus (SCN) fail to affect timedependent place conditioning in hamsters (Cain and Ralph 2009 ). Hence, this phenomenon seems independent from the −/− mice displayed similar place preference to morphine (10 mg/kg) when tested immediately before expected feeding time. However, when circadian cues were not predictive of feeding (unscheduled feeding), Oprd1 −/− mice failed to express significant CPP. b Food-deprived animals from WT and Oprd1 −/− mouse lines exhibited preference for a morphine-paired compartment when exposed to a white noise previously paired to food exposure. Place preference data show mean (±SEM) time spent in the drug-paired compartment (expressed as a percentage of time spent in the two compartments) during the 20-min pre-and post-conditioning sessions (n03-5 per gender, genotype and dose). Solid star: comparison to vehicle group (one-way analysis of variance). Asterisk: comparison between genotypes under the unscheduled feeding condition (one-way analysis of variance). One symbol: p<0.05; three symbols: p<0.001 SCN and could alternatively rely on a food-entrainable pacemaker (Mistlberger et al. 1996; Pezuk et al. 2010; Stephan 1983) . Whether time-state dependent morphine-induced CPP in mice lacking the delta receptor involves a food-entrainable oscillator implies that CPP expression in these animals may be food-entrainable as well. We challenged this hypothesis by submitting Oprd1 −/− mice and their WT controls to a timescheduled restricted feeding paradigm. Food-deprived animals were then tested for morphine CPP under the AM-PM condition immediately before the expected feeding time. In agreement with our hypothesis, expression of a morphine-induced CPP in Oprd1 −/− mice was food-entrainable: mutant and WT animals displayed similar place preference under these conditions. Importantly, food restriction was not sufficient to restore the expression of a place preference in Oprd1 −/− mice, as they failed to display morphine-induced CPP when timing cues were not predictive of feeding. Therefore, time-state dependent CPP in knockout mice is very likely to depend on a foodentrainable oscillator. Interestingly, in previous food-entrainment experiment, circadian cues acquired a predictive value for food reward. Food-entrainment of CPP expression in mutant animals could thus rely strictly on circadian mechanisms or instead result from conditioning to food-predictive cues. To address this question, we assessed the ability of a discrete auditory cue predicting food-reward independently from circadian cues to restore CPP in Oprd1 −/− mice. Non-contingent presentation of a white noise previously paired with non time-scheduled exposure to food restored the expression of morphine CPP in these animals under the AM-PM condition. Therefore, circadian or discrete auditory cues predicting food were equally able to trigger CPP expression in mutant animals, suggesting that food-entrainment relied mainly on conditioning processes. Stimuli previously associated with rewarding outcomes were shown to influence instrumental performance by increasing motivational arousal, a phenomenon called general pavlovian-instrumental transfer PIT; Balleine 2005, 2011) . Following a similar process, food expectancy in our experiments may have generated internal cues that generalized to the drug-associated cues, and permitted the retrieval of place conditioning in Oprd1 −/− mice.
Associative learning processes are primary components of place preference conditioning. These processes involve parallel and distributed neural systems in the brain (O'Keefe and Nadel 1978; Packard et al. 1989; White and McDonald 2002) . Delta opioid receptors are expressed in several key brain regions for place conditioning, namely the hippocampus (HPC), nucleus accumbens (NAc), and amygdala (Le Merrer et al. 2009) . A classical CPP paradigm, in which spatial cues are predominant, recruits primarily the HPC and the shell region of the NAc (Ferbinteanu and McDonald 2001; Ito and Hayen 2011; Ito et al. 2006 Ito et al. , 2008 Meyers et al. 2003) . Impaired expression of a CPP to morphine under conditions where only spatial cues are available (Chefer and Shippenberg 2009; Le Merrer et al. 2011) and present results) therefore argue for deficient function of the HPC and/or NAc shell in Oprd1 −/− mice. Further experiments will be needed to explore this hypothesis.
In conclusion, our study reveals how different variables such as circadian time, interoceptive cues, or discrete auditory cues can restore a morphine-induced place conditioning in Oprd1 −/− mice. From a methodological point of view, this work stresses the difficulty to draw robust conclusions regarding the hedonic value of a drug using a classical CPP paradigm in genetically modified animals (Cunningham et al. 2011; Stephens et al. 2010) . As regards to delta opioid receptor function, our results suggest that delta receptors are not necessary in regulating non-contextual cues contributing to CPP, which are otherwise used by delta receptor-deficient mice as an alternative strategy to express place conditioning. On the contrary, delta receptors play a key role in the processing of contextual information and facilitate spatial learning. The latter activity may have important implications when HPC-dependent contextual information gains control over behavioral responses, as for example in situations of context-induced relapse for addicted individuals.
